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Abstract

:

Sesame is one of the important oil seed crops grown for the high-quality oil. Its growth, development, and yield are significantly affected by the changing climate conditions. Evaluating the sesame climatic suitability is crucial to optimize sesame cultivation patterns and planting distribution, and to aid strategic decision making for future agricultural adaptation. Based on agricultural climatic suitability theory and the fuzzy mathematics method, in this study, we established the temperature, precipitation, sunshine, and comprehensive suitability model. Then, we assessed the spatial distribution and chronological changes in climatic suitability under two periods, 1978–1998 (earlier 21 years) and 1999–2019 (latter 21 years). The results showed that compared with the meteorological data in the earlier 21 years, the mean temperature during the sesame-growing season in the latter 21 years increased from 24.48 °C to 25.05 °C, and the cumulative precipitation increased from 744.38 mm to 754.81 mm; however, the sunshine hours decreased from 6.05 h to 5.55 h. Temperature, precipitation, sunshine, and comprehensive suitability during the sesame-growing season in the main sesame-producing areas of China all had a downward trend. The distribution of temperature and comprehensive suitability in the north is higher than that in the south, while the precipitation and sunshine suitability had an uneven distribution. The area of high-temperature suitability and high-precipitation suitability increased from 43.45 × 106 ha to 46.34 × 106 ha and from 3.20 × 106 ha to 7.97 × 106 ha, respectively, whereas the area of high-sunshine suitability decreased from 4.04 × 106 ha to 2.09 × 106 ha. The climate change was more beneficial to sesame cultivation in northeast Anhui where the area of high climatic suitability clearly expanded, and in eastern Jiangxi where the area of the general climatic suitability increased. In contrast, it is worth noting that the area of high climatic suitability in northern Henan decreased and the area of low climatic suitability in Hubei increased. Our results have important implications for improving agricultural production to cope with ongoing climate change.
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1. Introduction


Sesame is one of the important traditional oil crops in the world [1], and is widely grown in tropical and subtropical regions. Due to its high economic and nutritional value, it provides part of the daily allowance for essential fatty acids for almost half of the world’s population [2]. Meanwhile, sesame is grown in semi-arid tropical, subtropical, and temperate climates [3]. China ranks fourth in the world for sesame cultivation, accounting for approximately 10% of global cultivation [4]. According to the China Rural Statistical Yearbook, sesame cultivation is concentrated in the Huang-Huai Plain, the Jiang-Huai Plain, and the Jiang-Han Plain, where the planting area is 283,000 hectares (2019), accounting for more than 70% of the total planting area in China [5].



Climate change and variability have far-reaching consequences for natural resources, human communities, and biodiversity [6]. The sixth assessment report of the United Nations IPCC shows that the global mean temperature will soon rise by 1.5 °C, and the continued warming will lead to multiple hazards and irreversible changes in the ecosystem, as well as upgrading of long-term adverse effects [7]. Predictions of future climate indicate that previous climate trends will strengthen [8,9], and extreme weather events such as heatwaves, droughts, and floods will occur frequently [10,11]. An increase in temperature will accelerate the rate of reproductive development [12], shorten the crop growth period, and reduce yield. The frequent occurrence of extreme precipitation events will cause more frequent droughts and severe flooding [13,14,15]. Global solar radiation has exhibited complicated changes with significant temporal and regional variations, which can affect crop light utilization efficiency.



As the global climate continues to change, traditional agricultural practices have struggled to cope with the resulting challenges, such as extreme weather events, water scarcity, and soil degradation. As a result, new technologies and innovative approaches have become key to enhancing the resilience and sustainability of agriculture. Precision farming technology can monitor soil, climate, and crop-growth conditions in real time, utilizing advanced remote sensing and geographic information systems (GIS), and thereby providing farmers with accurate management decision support. Meanwhile, drought-resistant crop varieties developed through gene editing and traditional breeding techniques can maintain high productivity in the face of water scarcity [16], mitigating the adverse effects of climate change on crop production. Furthermore, climate-smart irrigation systems can monitor soil moisture and crop demand, enabling precise irrigation and avoiding wasted water. Erickson et al. [17] described the role of precision agriculture in food production, showing that precision agriculture has the potential to increase productivity, improve resource allocation of inputs such as pesticides, fertilizers, water, feed, and labor, and provide more stable production. Kim et al. [18] analyzed the effects of climate change and drought tolerance on maize growth and showed that there is an urgent need to develop maize varieties that are resistant to drought and high temperatures or can adapt to climate change. Xin et al. [19] assessed and developed climate-smart agricultural systems in the North China Plain to address the challenges of climate change.



In addition to the methods mentioned above, climate suitability modeling is essential for future climate change. These modeling methods can provide more accurate and reliable estimates of crop–climate relationships using machine learning algorithms and ensemble modeling approaches. Ozsahin et al. [20] analyzed suitable lands for rice cultivation in Edirne plain using geographical information systems (GIS). Akpoti et al. [21] assessed the land suitability for irrigated rice cultivation using Random Forest (RF), Maximum Entropy (MaxEnt) and ensemble modeling. Nadiezhda et al. [22] analyzed the areas of suitability for maize production under climate change using a mechanistic species distribution model (CLIMEX). In addition, a climatic suitability model is a functional model based on the agricultural climatic suitability theory and fuzzy mathematics methods, including temperature, precipitation, and the sunshine suitability index [23]. These indicators can comprehensively reflect the suitability of meteorological conditions for crop growth and development [24]. Since the 1980s, researchers have used the crop climatic suitability model to evaluate the climatic suitability of crops in specific regions, which can improve their ability to adapt to current and future climate change. Tang et al. [25,26] analyzed the impact of current and future climate scenarios on the suitability of summer maize and winter wheat in the North China Plain. Wei et al. [27] established a peanut climatic suitability model to optimize peanut planting structure. Zhao et al. [28] constructed a climatic suitability model to analyze the climatic suitability and changes in potato-planting zoning in North China. However, most of the previous studies focused on food and fruit crops [29,30,31,32,33,34]. Therefore, a comprehensive suitability model for sesame should be built to evaluate the climatic suitability of sesame in China by considering the temperature, precipitation, and sunshine suitability.



The aim of this study, therefore, was to assess the climate suitability of sesame cultivation in China using a fuzzy mathematics method during two time periods. The specific objectives of this study were to (1) analyze the distribution changes in meteorological resources in the sesame-growing seasons from 1978 to 1998 and from 1999 to 2019; (2) construct the temperature, precipitation, sunshine, and comprehensive climatic suitability model using fuzzy mathematical methods; and (3) quantitatively evaluate the spatial distribution of temperature, precipitation, sunshine, and comprehensive climatic suitability for sesame in the main sesame-producing areas of China.




2. Data and Methods


2.1. Study Area


The study area is located in east-central China (24°29′–36°22′ north latitude and 108°21′–119°37′ east longitude), including Henan, Anhui, Hubei, and Jiangxi provinces. This study area is classified to the monsoon climate zone and is abundant in light, heat, and water resources. The cumulative temperature from June to September ranges from 2500 °C to 3000 °C. The sunshine hours total approximately 800 h and the photosynthetically active radiation is 96 kilojoules per square centimeter. The rainfall is mainly concentrated in the period from June to September, which accounts for 75% of the annual rainfall. The boundaries of the study area, geographic location of meteorological stations, and related Digital Elevation Model data are shown in Figure 1.




2.2. Data Source


The climate data from 63 meteorological stations in 1978–2019 were obtained from the China Meteorological Science Data Sharing Service Network (http://data.cma.cn/, accessed on 20 April 2023). Daily climate data include daily maximum temperature (°C), daily minimum temperature (°C), mean daily temperature (°C), daily precipitation (mm), and daily sunshine hours (h). The DEM data of the study area were downloaded from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed on 25 April 2023). Administrative boundaries data were provided by the Resource and Environmental Science and Data Center (http://www.resdc.cn/, accessed on 26 April 2023). Sesame yield data were collected from the National Bureau of Statistics of China (https://data.stats.gov.cn/, accessed on 10 May 2023).




2.3. Development of Climatic Suitability Model


According to the theory of agricultural climatic suitability and fuzzy mathematics, the temperature, precipitation, sunshine, and comprehensive suitability models were established. The suitability of climate resources for crop growth and development ranges from 0 to 1; 0 indicates that the climate is completely unsuitable for crop growth and development, while 1 indicates that the climate is the most suitable for crop growth and development. In this study, the growth period of sesame was subdivided into four stages: sowing to emergence, emergence to budding, budding to blooming, and blooming to maturity. Different weights were assigned to different growth periods of sesame based on yield.



2.3.1. Temperature Suitability Model


Sesame grows in warmer climates. The optimal temperature range of 20–31 °C is suitable for sesame growth. The range of 24–32 °C is suitable for the period of sowing to emergence, 20–24 °C for emergence to budding, 27–31 °C for budding to blooming, and 20–24 °C for blooming to maturity [35,36]. The upper-limit temperature, lower-limit temperature, and optimal temperature for crop growth were considered in the temperature suitability index. Crop growth would be inhibited when the mean daily temperature increased above the upper-limit temperature or decreased below the lower-limit temperature. Crop growth is beneficial when the mean daily temperature is close to the optimal temperature.



The temperature suitability function of sesame is as follows:


  S  t  =     t −  t l         t h  − t       (  t h  −  t 0  )      t 0  −  t l             t 0  −  t l         t h  −  t 0        (  t h  −  t 0  )      t 0  −  t l           



(1)






  S    T i    =  1 n    ∑   i = 1  n  S  t   



(2)




where S(t) is the daily temperature suitability; and t is the mean daily temperature; tl, th, and t0 are the lower-limit temperature, upper-limit temperature, and optimal temperatures for sesame, respectively. These values were collected from the literature [35,36], as shown in Table 1. S(Ti) is the temperature suitability at the i − th growth stage of sesame, and n is the number of this growth stage.




2.3.2. Precipitation Suitability Model


Sesame is a drought-tolerant and waterlogging-sensitive crop [37,38]. Drought and waterlogging severely limit sesame growth and significantly decrease sesame yield [39,40]. Based on the precipitation and sesame water demand, the precipitation suitability model was established as follows:


  S    R i    =          R i    E  T c                     R i  < E  T c            E  T c     R i                     R i  ≥ E  T c           



(3)






  E  T c  =  K c  × E  T 0   



(4)




where S(Ri) represents the precipitation suitability in the i − th growth period of sesame; Ri is the cumulative precipitation (mm) in the i − th growth period of sesame; ETc is the water demand (mm) in the i − th growth period of sesame; and Kc is the crop coefficient of sesame. According to the literature [35], and combined with sesame cultivation experience, the initial growth stages of sesame are May and June, with Kc taken as 0.35; the rapid growth stages of sesame are July and August, with Kc taken as 1.10; and the last growth stage of sesame is September, with Kc taken as 0.25. ET0 is the crop reference evapotranspiration, calculated using the Penman–Monteith formula recommended by the FAO (as shown in Table 2).




2.3.3. Sunshine Suitability Model


Sesame is a typical short-day plant, and its flowering is largely influenced by the photoperiod [41]. The sesame sunshine suitability model was established as follows:


  S  S  =        e  −         S −  S 0     b     2              S <  S 0          1                           S ≥  S 0           



(5)






  S    S i    =  1 n    ∑   i = 1  n  S  S   



(6)




where S(S) is the daily sunshine suitability of sesame; S is the actual sunshine hours (h); S0 is the critical value (h) of the daily average sunshine demand during the growth period of sesame, which was calculated as 70% of the total sunshine hours; and b is a constant related to the dimension and date of the calculation location. The values of S0 and b were taken from the literature [42], as shown in Table 1. S(Si) is the sunshine suitability in the i − th growth period of sesame.




2.3.4. Comprehensive Climatic Suitability Model


Sesame has different demands for meteorological factors, such as temperature, precipitation, and sunshine hours at different growth stages. Climate factors significantly impact interannual yield changes. Therefore, this article combined sesame yield data from various ecological sites to calculate the proportion of meteorological elements for each growth period. Firstly, Equation (7) was used to process the sesame yield data:


  ∆  Y c  =    Y c  −  Y  c − 1      Y  c − 1     × 100 %  



(7)




where c represents the c − th year; c − 1 represents the c − 1th year; ∆Yc is the increase or decrease rate of the sesame yield in the c − th year relative to the c − 1th year, which is the meteorological impact index of the crop yield; and Yc and Yc−1 represent the sesame yield per unit area of each province in the study area in the c − th and c − 1th years, respectively. The analysis of the correlation between the suitability of temperature, precipitation, and sunshine for each growth period and the rate of sesame yield was used to calculate the correlation coefficient for each growth period. These resulting values serve as the weight coefficients for evaluating the suitability of temperature, precipitation, and sunshine for each growth period. Equations (8) and (9) were used to calculate the climatic suitability of each single element during the sesame-growing season, as follows:


         b  t i   =    a  t i       ∑   i = 1  n   a  t i            b  r i   =    a  r i       ∑   i = 1  n   a  r i            b  s i   =    a  s i       ∑   i = 1  n   a  s i            



(8)






          F  T  =   ∑   i = 1  n  [  b  t i   S    T i    ]         F  R  =   ∑   i = 1  n  [  b  r i   S    R i    ]       F  S  =   ∑   i = 1  n  [  b  s i   S    S i    ]        



(9)




where bti, bri, and bsi are the weight coefficients of temperature, precipitation, and sunshine suitability for the i − th growth period, respectively; ati, ari, and asi are the correlation coefficients between the suitability of temperature, precipitation, and sunshine in the i − th growth period and the meteorological impact index of the sesame yield; F(T), F(S), and F(R) represent the temperature, precipitation, and sunshine suitability during the sesame growth period, respectively. The weight coefficients of temperature, precipitation, and sunshine suitability for each growth period are shown in Table 3.



Based on the results of single factor climatic suitability index, a comprehensive climatic suitability model was established using the geometric average method as follows:


  F  C  =   F  T  × F  R  × F  S   3   



(10)




where F(T), F(R), F(S), and F(C) represent the temperature, precipitation, sunshine suitability, and comprehensive climatic suitability during the growth period. This study divided climatic suitability into four levels, as shown in Table 4.





2.4. Data Processing


The research period was divided into two periods: 1978–1998 (earlier 21 years) and 1999–2019 (latter 21 years). The suitability models were developed using the R language. The spatial data of temperature, precipitation, and sunshine hours were interpolated into 1 km resolution using ANUSPLIN. The Digital Elevation Model data were considered as a covariate in the ANUSPLIN to improve the interpolation accuracy. The Digital Elevation Model data were from the 90 m SRTM (SRTM3 V4.1) images (http://srtm.csi.cgiar.org/, accessed on 10 June 2023) and were resampled to 1 km for this study. The spatial distribution maps of climatic suitability were created using ArcGIS desktop 10.8 software. According to the sesame phenology data, we summarized the date of the sesame growth stage at four ecological sites (as shown in Table 5).





3. Results and Analysis


3.1. Distribution Characteristics of Meteorological Factors during the Sesame-Growing Season


Figure 2 shows that the distribution of the mean temperature had a similar trend in 1978–1998 and 1999–2019, that is, higher in the south of the study area than in the north and higher in the east than in the west. The high mean temperature (25–30 °C) areas were mainly concentrated in eastern Henan, eastern Hubei, and most parts of Anhui and Jiangxi, while the low mean temperature (8–15 °C) areas were found in western Henan and western Hubei. The mean temperature increased from 24.48 °C in 1978–1998 to 25.05 °C in 1999–2019. The total high mean temperature area increased from 26.53 × 106 ha to 42.62 × 106 ha, while the total low mean temperature area decreased from 0.28 × 106 ha to 0.17 × 106 ha.



Figure 3 shows that the distribution of the cumulative precipitation had the same trend in 1978–1998 and 1999–2019, that is, higher in the south of the study area than in the north. The high cumulative precipitation (1000–1700 mm) areas were widely distributed in southwest Hubei, southern Anhui, and most parts of Jiangxi. However, the low cumulative precipitation (300–500 mm) areas were mainly concentrated in northern Henan. The cumulative precipitation increased from 744.38 mm in 1978–1998 to 754.81 mm in 1999–2019. The total high cumulative precipitation area increased from 10.79 × 106 ha to 11.02 × 106 ha. In contrast, the total low cumulative precipitation area declined from 6.77 × 106 ha to 4.77 × 106 ha.



Figure 4 shows that the spatial distribution of sunshine hours was irregular in 1978–1998 and 1999–2019. The high sunshine hours (6–8 h) areas were mainly concentrated in northern Henan, eastern Hubei, and northern Anhui, whereas the low sunshine hours (2–4 h) areas were mainly concentrated in western Hubei in 1978–1998. In 1999–2019, the high sunshine hours (6–8 h) areas were mainly concentrated in eastern Hubei and northern Jiangxi, whereas the low sunshine hours (2–4 h) areas were mainly concentrated in western Hubei and southern Jiangxi. The sunshine hours decreased from 6.05 h in 1978–1998 to 5.55 h in 1999–2019. The total high sunshine hours area decreased from 50.10 × 106 ha to 9.18 × 106 ha. On the contrary, the total low sunshine hours area increased from 1.19 × 106 ha to 2.05 × 106 ha.




3.2. Distribution Characteristics of Climatic Suitability during the Sesame-Growing Season


3.2.1. Distribution Characteristics of Temperature Suitability


Figure 5 shows that the distribution of the temperature suitability was higher in the north of the study area than in the south over the past 42 years. In 1978–1998, areas with temperature suitability above 0.90 accounted for 48.33% of the study area. The highest suitability was that of Mengjin (0.950) in Henan, followed by Xuchang (0.949) and Baofeng (0.948) in Henan. In 1999–2019, areas with temperature suitability above 0.90 accounted for 51.54%. The highest suitability was that of Sanmenxia (0.961) in Henan, followed by Baofeng (0.958), Xuchang (0.956), and Mengjin (0.955) in Henan. Areas with temperature suitability below 0.70 accounted for 0.71% and 6.53%, respectively. The areas in both time periods were mainly distributed in eastern Jiangxi.



The temperature suitability decreased from 0.863 in 1978–1998 to 0.859 in 1999–2019. The area of temperature suitability above 0.90 increased from 43.45 × 106 ha to 46.34 × 106 ha, mainly in central Hubei. Furthermore, the area of temperature suitability ranging from 0.64 to 0.70 increased from 0.64 × 106 ha to 5.89 × 106 ha, mainly in eastern Jiangxi.




3.2.2. Distribution Characteristics of Precipitation Suitability


Figure 6 shows that the spatial distribution of the precipitation suitability was irregular in the study area over the past 42 years. In 1978–1998, areas with precipitation suitability above 0.70 accounted for 3.56% of the study area, and were mainly concentrated in northwest Hubei. Areas with suitability below 0.40 accounted for 4.67%, and were mainly concentrated in eastern Anhui and western Jiangxi. In 1999–2019, areas with precipitation suitability above 0.70 accounted for 8.86%, and were mainly concentrated in southern Henan and northeast Hubei. The highest suitability was that of Fangxian (0.824) in Hubei, followed by Badong (0.794) and Yunxi (0.759) of Hubei. Areas with precipitation suitability below 0.40 accounted for 1.65%, and were mainly concentrated in western Henan and Hubei.



The precipitation suitability declined from 0.556 to 0.593. The area of precipitation suitability above 0.70 increased from 3.20 × 106 ha to 7.97 × 106 ha, mainly in southern Henan. However, the area of precipitation suitability ranging from 0.28 to 0.40 decreased from 4.20 × 106 ha to 1.48 × 106 ha, mainly in eastern Anhui and western Jiangxi. In conclusion, from 1978 to 2019, the areas with high precipitation suitability have shifted from northwest Hubei to southern Henan.




3.2.3. Distribution Characteristics of Sunshine Suitability


Figure 7 shows that the spatial distribution of the sunshine suitability was irregular in the study area over the past 42 years. Areas with sunshine suitability above 0.80 in 1978–1998 accounted for 4.50% of the study area, and were mainly concentrated in northern Henan, central Anhui, and western Jiangxi. The highest suitability was that of Xinxiang (0.809) in Henan, followed by Kaifeng (0.807) and Sanmenxia (0.806) of Henan. In contrast, areas with sunshine suitability above 0.80 in 1999–2019 accounted for 2.33%, and were mainly distributed in western Henan and eastern Anhui. The highest suitability was that of Tongcheng (0.814) in Anhui, followed by Bengbu (0.813) in Anhui. Areas with sunshine suitability below 0.40 accounted for 1.50% and 0.34%, respectively. The areas in both time periods were mainly concentrated in southern Hubei and eastern Jiangxi.



The sunshine suitability declined from 0.655 to 0.612. The area of sunshine suitability above 0.80 decreased from 4.04 × 106 ha to 2.09 × 106 ha, mainly in northern Henan and western Jiangxi. In addition, the area of sunshine suitability ranging from 0.28 to 0.40 decreased from 1.35 × 106 ha to 0.31 × 106 ha, mainly in southern Hubei. In short, from 1978 to 2019, the areas of high sunshine suitability in Henan, Anhui, and Jiangxi all decreased.





3.3. Distribution Characteristics of Comprehensive Suitability during the Sesame-Growing Season


Figure 8 shows that the distribution of comprehensive suitability was higher in the north of the study area than in the south. In 1978–1998, the areas with high climatic suitability for sesame accounted for 31.72% of the study area, and were mainly concentrated in most parts of Henan and northern Anhui. The highest suitability was that of Mengjin (0.792) in Henan, followed by Kaifeng (0.765) in Henan, and Tongcheng (0.780) and Huoshan (0.762) in Anhui. Areas of middle climatic suitability were widely distributed in central Hubei. The highest suitability was that of Yunxi (0.670) in Hubei, followed by Laifeng (0.690), Jiayu (0.683), and Wuhan (0.680). In 1999–2019, the high climatic suitability areas for sesame accounted for 35.06%, and were mainly concentrated in southern Henan; these are the major sesame production areas in the main sesame-producing areas of China. The areas in northern Anhui were also highly suitable. The middle climatic suitability areas accounted for 49.28%, and were mainly concentrated in northern Henan and central Hubei. The highest suitability was that of Xuchang (0.694) in Henan, followed by Baofeng (0.677) and Sanmenxia (0.664). Areas of general climatic suitability were found in eastern Jiangxi, accounting for 9.84% and 14.76% in both time periods, respectively. The low climatically suitable areas were found in southeast Anhui in 1978–1998, accounting for 0.13%, while areas of low climatic suitability clearly expanded and accounted for 0.90% of the study area in 1999–2019. The improved areas were primarily located in southwest Hubei.



Over the past 42 years, climatically suitable regions for sesame have undergone clear spatial shifts. In general, climatic suitability for sesame in China increased from 1978 to 2019 due to an expansion in the areas with high climatic suitability in Northern Anhui. Highly suitable areas have shifted markedly southward in Henan. The area of high climatic suitability was 28.52 × 106 ha in 1978–1998, and it increased by 10.54% in 1999–2019. However, the middle climatically suitable areas decreased from 52.41 × 106 ha to 44.31 × 106 ha. The area of the general climatic suitability expanded, increasing by 50.10% in 1999–2019 compared with 1978–1998. The area of low climatic suitability increased from 11.71 × 106 ha to 79.91 × 106 ha.




3.4. Change Trend of Sesame Climatic Resources and Climatic Suitability in the Main Sesame-Producing Areas of China from 1978 to 2019


Figure 9 and Figure 10 show that the interannual change in meteorological resources and suitability of sesame in the whole growth period from 1978 to 2019 in the study area. The mean temperature and cumulative precipitation during the sesame-growing season had an upward trend, while the sunshine hours had a downward trend. The suitability of temperature, precipitation, and sunshine, and the comprehensive suitability, had a linear downward trend, indicating that the suitability of sesame in the main sesame-producing areas of China decreased with climate change.





4. Discussion


Climate change had a profound impact on agriculture in the study area. In this study, in the earlier 21 years (1978–1998) and the latter 21 years (1999–2019), most parts of the main sesame-producing areas of China had a mean temperature of 25–30 °C, cumulative precipitation of 600–800 mm, and sunshine hours of 5–7 h. Compared with 1978–1998, the mean temperature in the main sesame-producing areas of China increased from 24.48 °C to 25.05 °C, the cumulative precipitation increased from 744.38 mm to 754.81 mm, and the sunshine hours decreased from 6.05 h to 5.55 h in 1999–2019. Changes in temperature and precipitation patterns increase the frequency and intensity of extreme weather events such as droughts and floods. Sesame is a water-sensitive crop, and drought and flooding disasters can affect the growth of sesame [39], ultimately leading to a decrease in yield and quality. Rising temperatures advance the flowering of sesame. However, high soil moisture delays the maturity stage. Drought during the emergence stage decreases the seedling emergence rate, and high temperatures and waterlogging during the bloom and irrigation stages reduce dry matter accumulation and yield. In addition, changes in sunshine hours may affect sesame growth and development [41].



Interannual variations in meteorological conditions can affect the climatic suitability of sesame. The climatic suitability accounted for the effects of temperature, precipitation, and sunshine on the growth and development of the sesame. Over the past 42 years, areas of high temperature suitability (>0.9) accounted for 48.33–51.54% of the study area, areas of high precipitation suitability (>0.7) accounted for 3.56–8.86%, and areas of high sunshine suitability (>0.8) accounted for 2.33–4.50%. Compared with 1978–1998, areas of high temperature suitability (>0.9) increased by 6.65%, areas of high precipitation suitability (>0.7) increased by 1.49 times, and areas of high sunshine suitability (>0.8) decreased by 48.08% in 1999–2019. In short, over the past 42 years, the temperature suitability was relatively high in most parts of the main sesame-producing areas of China, while the overall suitability for precipitation and sunshine was relatively low.



In the context of climate change, we need to optimize the suitable planting region of sesame and then reasonably adjust the sesame planting distribution in the main sesame-producing areas of China. Over the past 42 years, areas of high precipitation suitability have shifted from northwest Hubei to southern Henan because of reduced precipitation in northwest Hubei, and the high precipitation suitability area in Jiangxi moved westward. Areas of high sunshine suitability in Henan and Jiangxi all decreased. As the climate changed, the comprehensive suitability for sesame shifted. In this study, we found areas of high climatic suitability, general climatic suitability, and low climatic suitability increased by 10.54%, 50.10%, and 5.8 times, respectively, while areas of middle climatic suitability decreased by 15.48% in 1999–2019. Furthermore, the high climatic suitability areas shifted from northern Henan to southern Henan, mainly because of increased precipitation in southern Henan. Meanwhile, areas of high climatic suitability in northern Anhui expanded, mainly because of sufficient temperature, precipitation, and sunshine hours for sesame growth in southern Anhui. However, excessive precipitation and reduced sunshine hours caused by climate warming in southwest Hubei and western Jiangxi had negative effects on the distribution for sesame planting. Meanwhile, high temperatures and excessive precipitation in Jiangxi are the main factors limiting sesame growth. Wang et al. [43] found that the sesame planting area in 2015 was concentrated in southern Henan and northwestern Anhui. Our results indicate that the areas of high climatic suitability for sesame are consistent with the results of previous studies.



Adaptive planning in climate change conditions is a significant challenge for the effective management of water resources and agricultural systems [44]. According to the shift in sesame climatic suitability over the past 42 years, we should increase sesame planting areas in southern Henan, northern Anhui, central Hubei, and eastern Jiangxi, where sesame climatic suitability is increasing. Hence, designating new climate-resilient strategies and farming systems is necessary to ensure regional food security and economic stability [45,46]; for example, selecting waterlogging-tolerant varieties, decreasing the frequency of irrigation, and adjusting the sowing date are necessary with increasing rainfall under the same light and heat conditions.




5. Conclusions


We constructed a relationship between sesame distribution and climatic factors using the fuzzy mathematics, and then systematically investigated the spatial distribution and shifts in sesame climatically suitable areas. We then assessed the consistency between climatic suitability and actual production across China. In the past 42 years, the mean temperature was between 25 and 30 °C, cumulative precipitation was between 600 and 800 mm, and total sunshine hours was between 5 and 7 h in the main sesame-producing areas of China. Compared with the meteorological data in 1978–1998, the mean temperature increased from 24.48 °C to 25.05 °C and cumulative precipitation increased from 744.38 mm to 754.81 mm in 1999–2019. However, sunshine hours decreased from 6.05 h to 5.55 h in 1999–2019. In the earlier 21 years, areas with high climatic suitability were mainly concentrated in northern Henan and comprised 31.53 × 106 ha (35.07%) of the entire main sesame-producing areas of China. During 1978–2019, areas with high climatic suitability expanded from 28.52 × 106 ha to 31.53× 106 ha, migrating from northern Henan to southern Henan and northern Anhui, and the total highly suitable area increased by 10.54% compared with the earlier 21 years. Furthermore, areas with low climatic suitability shifted from southern Anhui to southeast Anhui and southwest Hubei, expanding from 11.71 × 106 ha to 79.91 × 106 ha. These results provide valuable guidance for optimizing the planting layout of sesame and increasing sesame production in China.
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Figure 1. The location of the study area. 
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Figure 2. Comparison of mean temperature distribution during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 3. Comparison of cumulative precipitation distribution during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 4. Comparison of sunshine hours distribution during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 5. The distribution of temperature suitability during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 6. The distribution of precipitation suitability during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 7. The distribution of sunshine suitability during the sesame-growing season between 1978–1998 and 1999–2019. 
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Figure 8. The distribution of comprehensive suitability during the sesame-growing season between 1978–1998 and 1999–2019. 






Figure 8. The distribution of comprehensive suitability during the sesame-growing season between 1978–1998 and 1999–2019.



[image: Agronomy 14 00631 g008]







[image: Agronomy 14 00631 g009] 





Figure 9. Changes in mean temperature, cumulative precipitation, and sunshine hours in the main sesame-producing areas of China since 1978. (Solid line represents meteorological data, dashed line represents fitted line.) 
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Figure 10. Changes in temperature suitability, precipitation suitability, sunshine suitability, and comprehensive suitability in the main sesame-producing areas of China since 1978. (Solid line represents climatic suitability, dashed line represents fitted line). 
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Table 1. Parameters of sesame climatic suitability model.
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	Parameters
	Sowing to Emergence
	Emergence to Budding
	Budding to Blooming
	Blooming to Maturity





	tl (°C)
	12
	15
	15
	15



	th (°C)
	40
	40
	40
	40



	t0 (°C)
	28
	22
	29
	22



	S0 (h)
	8.85
	9.42
	9.59
	9.71



	b
	4.77
	5.08
	5.17
	5.24



	Kc
	0.35
	1.10
	1.10
	0.25










 





Table 2. Parameters (ET0) of sesame suitability model.
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Growth Period

	
Ecological Sites




	
Henan

	
Hubei

	
Anhui

	
Jiangxi






	
Sowing to emergence

	
29.6

	
26.6

	
25.1

	
24.3




	
Emergence to budding

	
121.0

	
82.1

	
128.5

	
161.1




	
Budding to blooming

	
184.3

	
217.5

	
176.7

	
198.0




	
Blooming to maturity

	
64.7

	
38.2

	
39.8

	
19.8











 





Table 3. Three weight coefficients of sesame at different growth stages in the study area.






Table 3. Three weight coefficients of sesame at different growth stages in the study area.





	

	
Ecological Sites




	
Growth Period

	
Henan

	
Hubei

	
Anhui

	
Jiangxi




	
     b  t i      

	
     b  s i      

	
     b  r i      

	
     b  t i      

	
     b  s i      

	
     b  r i      

	
     b  t i      

	
     b  s i      

	
     b  r i      

	
     b  t i      

	
     b  s i      

	
     b  r i      






	
Sowing to emergence

	
0.23

	
0.13

	
0.45

	
0.49

	
0.17

	
0.77

	
0.00

	
0.21

	
0.77

	
0.11

	
0.06

	
0.29




	
Emergence to budding

	
0.03

	
0.14

	
0.10

	
0.20

	
0.36

	
0.07

	
0.54

	
0.38

	
0.07

	
0.30

	
0.46

	
0.59




	
Budding to blooming

	
0.35

	
0.34

	
0.27

	
0.10

	
0.45

	
0.03

	
0.20

	
0.19

	
0.03

	
0.22

	
0.36

	
0.09




	
Blooming to maturity

	
0.39

	
0.39

	
0.19

	
0.21

	
0.01

	
0.13

	
0.26

	
0.22

	
0.13

	
0.37

	
0.12

	
0.03








Note: Values less than 0.01 are denoted as 0.00.













 





Table 4. Climatic regionalization of sesame in the main producing areas of China.
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	C Value
	Comprehensive Suitability





	0.77–1.00
	High suitability



	0.67–0.77
	Middle suitability



	0.57–0.67
	General suitability



	0.00–0.57
	Low suitability










 





Table 5. Phenological periods of sesame in four ecological sites.
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Growth Stages

	
Ecological Sites




	
Henan

	
Hubei

	
Anhui

	
Jiangxi






	
Sowing to emergence

	
10 June–15 June

	
5 June–10 June

	
15 June–20 June

	
20 June–25 June




	
Emergence to budding

	
16 June–10 July

	
11 June–10 July

	
21 June–20 July

	
26 June–31 July




	
Budding to blooming

	
11 July–20 August

	
11 July–31 August

	
21 July–31 August

	
1 August–5 September




	
Blooming to maturity

	
21 August–5 September

	
1 September–10 September

	
1 September–10 September

	
6 September–20 September
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